Series hybrid electric vehicles (HEVs) require powerplants that can generate electrical energy without specifically requiring rotary input shaft motion. A small-bore working prototype of a two-stroke spark ignited linear engine-alternator combination has been designed, constructed and tested and has been found to produce as much as 316W of electrical energy. This engine consists of two opposed pistons (of 36 mm diameter) linked by a connecting rod with a permanent magnet alternator arranged on the reciprocating shaft. This paper presents the numerical modeling of the operation of the linear engine. The piston motion of the linear engine is not mechanically defined: it rather results from the balance of the in-cylinder pressures, inertia, friction, and the load applied to the shaft by the alternator, along with history effects from the previous cycle. The engine computational model combines dynamic and thermodynamic analyses. The dynamic analysis performed consists of an evaluation of the frictional forces and the load (in this case the alternator load) across the full operating cycle of the engine. The thermodynamic analysis consists of an evaluation of each process that characterizes the engine cycle, including scavenging, compression, combustion and expansion, based on the first law of thermodynamics. Since the modeled engine was crankshaftless, a time-based Wiebe function (as opposed to a conventional crank angle-based approach) was used to express the mass fraction burned for the combustion process, while the combustion model used was a single-zone model. To render the model useful, the parameters used were based on experimental data obtained from the working example, including instantaneous shaft position, velocity and in-cylinder pressure. Also, a parametric study was performed to predict the behavior of the engine over a wide operating range, given variations in fuel combustion properties, the reciprocating mass of the piston shaft assembly, frictional load and the externally applied electrical load.
INTRODUCTION AND LITERATURE REVIEW
Free-piston engines have been a subject of research and development for several decades. A recent review of freepiston engine concepts has been conducted by Achten [16] . Free-piston engines utilizing internal combustion (as opposed to the external combustion Stirling engine, which suffers from poor power density) have their origin in the 1920's when R. Pescara [1] patented their use as air compressors. Junkers in Germany developed a freepiston engine for use in German submarines in World War II. The French SIGMA free-piston gasifier saw service for decades in stationary power generation. The use of free-piston engines in automotive application was most heavily promoted in the period 1952 to 1961, when both General Motors and Ford Motor Company produced running prototypes [2] , [3] . In both cases these engines were two-stroke, opposed piston spark ignited engines with combustion bounce/compression chambers. These engines where used as gasifiers to generate hot gases to drive exhaust turbines through which energy would be extracted. Development efforts largely ceased by the 1960's as turbine powered vehicles were increasingly viewed as not commercially viable. The elimination of the crankshaft mechanism in free-piston engines provides potential for reduction in mechanical losses. Due to the fact that the piston is not constrained in a free-piston engine, the piston motion is not prescribed, and it varies from one operating regime to another. Characteristic of the free-piston engines is the fact that they do not have a flywheel. As a result, they do not accumulate energy from the previous cycles for the subsequent cycles, except in terms of achieving a greater or lesser stroke associated with greater or lesser gas compression energy.
A linear engine operates somewhat similarly to a free-piston engine, the only difference being that the reciprocating assembly consists of two pistons connected by a common connecting rod, with each piston operating in its own cylinder.
In the last two decades there has been resurgence in interest in these engines for hybrid electric vehicle applications. Several linear engines have been designed but most of them have a complicated mechanical configuration. This complication is the result of the need for tight control of the length of the stroke of the piston assembly, to avoid having the piston contact the cylinder head at its furthermost outer position. Some notable recent work in the development of linear engines is reviewed below.
Bock [4] has developed a compression ignition linear engine. The engine incorporates a hydraulic pump cylinder arranged in the central part of the engine in order to provide useful work. The engine is gas cushioned and it uses a nitrogen filled elastic annular body serving as a shock absorbing body.
A free-piston engine pump system has been disclosed by Heintz [5] . The device consists of a pair of opposite pistons connected by a common rod operating a hydraulic pump. The free-piston engine pump has double acting power pistons and pumping pistons attached as a main reciprocating member and movable in a housing. The housing itself moves for mass balancing purposes. The engine is spark ignited, and stroke control is provided by a valving system. Air is supplied and the exhaust products are removed from the two combustion chambers by common intake and common valves. These valves are operated by a common actuator in response to the position of the main reciprocating member.
Rittmaster et al. [6] have presented a spark ignition linear engine connected to hydraulic power system. Hydraulic fluid is stored and maintained under pressure in two pressurization chambers on the opposite side of the pistons forming an internal combustion engine. In order to time the operation of the engine, a set of proximity detectors located around the connecting rod are used. The hydraulic fluid flow in the two pressurization chambers is controlled by a set of cross-over valves. A hydraulic motor is interposed downstream of the cross-over valves to convert the flow of the fluid into the rotation of a shaft. The cylinders of the engine have intake and exhaust valves electronically operated. A flywheel is attached to the shaft of the hydraulic motor to dampen the pulsation induced by the shifting of the cross-over valves and to store the energy of the pistons between reciprocation.
Iliev et al. [7] have presented a linear engine coupled to an electrical alternator. The engine operates on a twostroke cycle and is spark ignited. The engine is controlled by an electronic module, which also controls the linear alternator. The spark timing is regulated based on the quality of fuel and the electrical load. According to the inventors the engine is designed to operate at high frequencies thereby attaining a high thermal efficiency.
Galitello [8] has proposed a linear engine controlled by a computer. The engine is a two-stroke compression ignition engine. According to the inventor the engine operates at ultra high speeds and is vibration free. During engine starting, ignition assist is provided by spark plugs.
The engine can be connected to an electric generator or to a hydraulic power system. An interesting design has been presented by Kos [9] . The disclosed engine is a two-stroke cycle linear engine employing a reciprocating piston in conjunction with an electromagnetic transducer for control and power output. The engine can be spark or compression ignited (with multi-fuel operation possible). The engine is designed to be controlled by computer, with the engine stroke varied by tailoring the magnetic field. The inventor suggests an alternative arrangement of the engine by using a pair of opposite pistons linked by a connecting rod.
Widener and Ingram [10] recently described a numerical model of a free-piston linear generator for a hybrid vehicle modeling study. The model addressed the use of a free-piston engine coupled with a linear generator as a potential auxiliary power unit in hybrid electric vehicles. The feasibility of such a model was analyzed with regards to power output and efficiency of the unit with reference to conversion of mechanical power output of the linear engine to electrical power output. The study was conducted on a two-stroke cycle engine and a reciprocating rig was developed to study and characterize the operation of the generator.
PREVIOUS WORK
The most recent work done in the area of the development of linear engines has been presented by Clark et al. [11] , [12] and in the thesis of Nandkumar [15] . The authors have designed, constructed and tested a prototype spark-ignited linear engine coupled with a linear alternator ( Figure 1 ). An idealized numerical model based on an air standard Otto cycle operation has also been presented [11] . This idealized model has revealed the relationship between stroke, compression ratio and operating parameters. The prototype engine has been tested extensively under several different operating modes, with the load being provided by a friction brake, as well as with the load applied by a permanent magnet linear alternator. In-cylinder pressure profiles for different applied loads were experimentally determined through extensive engine testing. The results of the engine testing, using a friction brake to provide the load, are presented in Table 1 . A further analysis of the experimental operation of the linear engine in combination with the linear alternator has been presented [12] . The linear alternator is of the permanent magnet-type, and has been shown to produce as much as 316W from the prototype engine-alternator combination. Based on the in-cylinder pressure data gathered during operation of the enginealternator combination, an analysis of the cycle to cycle variation of integrated mean effective pressure (IMEPg) was performed. It was shown that there are significant cycle-to-cycle variations of the in-cylinder pressure versus time for different operating regimes. The result of the performance tests of the engine-alternator prototype combination are shown in Table 2 . 
DESCRIPTION OF THE MODELED ENGINE
The modeled engine is a two-stoke spark ignition engine connected to a linear alternator (see Figure 1 ). The engine consists of two opposed pistons, connected by a common connecting rod that is allowed to oscillate back and forth between the two end-mounted cylinders. The cylinders are ported such a manner to utilize a loop scavenging process, although this process was not optimized. The fuel is supplied to each cylinder by two pulse widthmodulated gasoline fuel injectors. In order to keep the engine temperature within a reasonable operating range, water is forced through the cylinder heads. An electronic control device allows the adjustment of the ignition timing and fuel injection timing and quantity. The engine stroke is controlled on a stroke-by-stroke basis by the ignition timing and the amount of fuel injected. The engine is equipped with two motoring coils (also connected to the electronic control device) used as a starting device. These are automatically disengaged after the engine exceeds a certain reciprocation frequency. The motoring coils are also used in case of misfire in one of the cylinders, to reverse the motion of the piston assembly and to assist in restarting.
A permanent magnet linear alternator connected to the engine shaft transforms the kinetic energy of the reciprocating motion into electrical energy [11] , [12] .
NUMERICAL SIMULATION OF A TWO-STROKE LINEAR ENGINE
OBJECTIVE OF THE SIMULATION -The objective of the present work is to develop a numerical model that simulates the operation of the two-stroke linear engine. The numerical model was developed for a spark ignited linear engine but can be easily adapted for the case of a compression ignition linear engine. The numerical analysis also allows a parametric study of the operation of this type of engine. The engine modeling has been validated using results from the existing working linear engine. The numerical model represents an idealized case due to the assumptions made, while allowing a parametric study to be performed.
THE DYNAMIC MODEL -The modeling starts with a dynamic analysis of the linear engine. Consider the case of a linear engine with two reciprocating pistons linked by a solid shaft, that oscillate back and forth in a left-to-right motion with fixed port timing through the use of port valves. A system of coordinates was chosen having the origin at the outermost point of the left cylinder.
Considering a mechanical system represented by the piston assembly in motion, this system obeys Newton's second law.
( 1) where represents the displacement of the piston assembly, and is the acceleration of the piston
The right hand side of equation (1) represents the summation of the forces that act in the plane of motion.
The only forces are considered to act on the moving assembly are the resultant pressure forces given by the difference between the pressures in the two cylinders, a frictional force, the inertial force, and the load.
Equation (1) can be written as (2) (3) where is the resultant of the in-cylinder pressure forces is the friction force, is the load applied to the shaft, is the piston diameter, and and are the corresponding in-cylinder pressures.
In order to determine the solution of this differential equation, is necessary to integrate it twice with respect to time. The analytic integration is somewhat complicated to evaluate due to the complex variation of the three forces in space and time. The piston assembly does not follow a prescribed motion but rather its resultant motion is established as a result of the net balance in the applied forces.
THE APPLIED LOAD -In experimental testing of the engine, a friction brake provided a retarding force on the shaft in order to obtain an approximate simulation of the load that a linear alternator would provide. According to the measurements made, the frictional drag was roughly constant across the full range of motion of the piston assembly with an average value of about 130 N.
THE FRICTION FORCE -Compared to conventional crankshaft mechanism internal combustion engines, the friction force for the linear piston engine seems to be less complicated, due to the fact that the elimination of the crankshaft mechanism reduces certain sources of friction. The friction force for the linear engine is a result of the friction between the piston rings, piston skirt and cylinder wall. The explicit determination of the friction forces for the experimental model is elusive, and an existing correlation from the literature is used.
The resultant friction force in this model is taken as having a constant value throughout the length of the stroke, in order to simplify the calculation. The value for the frictional force has been determined by using a correlation determined by Blair [13] (for the friction caused by the rings and the pistons). Blair suggests an empirical relation for calculating the friction mean effective pressure for two-stroke engines. In the calculation of the mean effective frictional pressure, it is assumed that the motion of the piston assembly is the maximum theoretical stroke length. (4) where , L is the length of the stroke in meters, and is the engine speed, in our case the frequency of reciprocation of the piston assembly in cycles/ min.
(For the purposes of clarification, a "stroke" refers to a single left-to-right or right-to-left movement of the piston assembly, while a "cycle" means a back and forth movement involving two individual strokes).
For the experimental prototype engine at a representative speed of and a maximum possible stroke length of 0.05 m it follows Assuming a constant friction force during the cycle, this can be calculated as follows: (5) where is the work required to overcome the friction force, is the displaced volume, (6)
By substituting equations (5) and (6) into equation (4) (8) This calculation confirms that, compared to the typical loads applied by the friction brake or the linear alternator, the frictional force is not significant and so all future references to the load will include the frictional force.
In this numerical model we have assumed several different functional forms for the shape, or profile, of the load as a function of the piston assembly position, all of which are assumed to average to the same absolute value.
THE RESULTANT PRESSURE FORCE -This force is the resultant of the pressure difference between the two cylinders, and is determined by evaluating the pressure variation in each cylinder through the engine cycle.
THERMODYNAMIC ANALYSIS OF THE ENGINE CYCLE -This analysis consists of an evaluation of the thermodynamic parameters for each process that characterizes the engine cycle, based on the first law of thermodynamics. The thermodynamic model used is a singlezone model. In single-zone models the mixture composition, pressure, and temperature of the combustion chamber are assumed to be uniform, and the energy released by the combustion of the fuel is specified or calculated after the fact from the measured in-cylinder pressure versus time or cylinder volume data.
THE SCAVENGING PROCESS -For the purposes of this numerical model, the scavenging process is assumed to be a perfect process. The cylinder pressure when the exhaust port closes is assumed to have the same value as the applied intake pressure. The exhaust blowdown process is also considered to be perfect, so that the cylinder pressure will instantaneously drop to the value of the intake pressure when the exhaust port opens.
COMPRESSION CALCULATION -In this calculation, the compression process is considered to be governed by a polytropic equation with a constant polytropic coefficient. The compression process is considered to take place between the time when the exhaust port is closed, and when the spark occurs. The pressure and temperature at the closing of the exhaust port (the beginning of the compression process) have the same values as the corresponding parameters at the end of the scavenging process.
The pressure during the compression process is given as a function of the piston assembly position. is the maximum theoretical stroke length, and is the compression polytropic coefficient (adopted based on empirical data).
The relationship between the two piston coordinates is where is the distance between the piston crowns.
The temperature variation during the compression stroke is given by (10.a) (10.b) where is the mixture temperature at the beginning of the compression process that is assumed to be the same as the intake air temperature. The values for the compression polytropic exponent are taken from statistical data, see Table 3 .
COMBUSTION PROCESS CALCULATION -The combustion calculation seeks to express the pressure and temperature variation in each combustion cylinder during the combustion process. The first assumption made is that the start of the combustion process coincides with the moment at which the spark occurs, which implies that the ignition delay is ignored. Another assumption made is that the heat input during the combustion process is the resultant heat input, after heat transfer to the walls and piston. Based on the assumption that the heat transfer is neglected, the in-cylinder pressure variation is given by: where is the ratio of specific heats, assumed constant, is the instantaneous cylinder volume.
is the instantaneous cylinder pressure.
is the total heat energy added to the cycle during the combustion process.
is the mass fraction burned rate.
In order to solve this equation, it is necessary to assume a certain function for the mass fraction burned equation; in this approach we use the Wiebe function.The Wiebe function is usually expressed as the mass fraction burned as a function of an instantaneous crank angle. Since the linear engine has no crankshaft, it is not possible to express the mass fraction burned in this way. Instead, the mass fraction burned is expressed as a function of time explicitly rather than implicitly as a function of crank angle. (12) is the mass fraction burned is the combustion duration is the start of the combustion and are functional shape parameters and are adjustable.
According to Heywood [14] , actual mass fraction burned curves are well fitted with and , while varying and changes the shape of the curve significantly.
Then the mass fraction burned rate has the following form (13) The heat release rate can be written as a function of time as (14) THE EXPANSION PROCESS CALCULATION -The expansion process starts at the end of the combustion process (once the mass fraction burned equals unity) and ends when the exhaust port opens. The expansion process, also known as the power stroke, is considered to be governed by a polytropic equation with a constant polytropic coefficient. The pressure and the temperature variation respectively are expressed as follows (15) (16) where is the pressure during the expansion process is the pressure at the end of combustion process is the temperature during the expansion process is the temperature at the end of the combustion process is the piston position at the of the combustion process is the polytropic coefficient for the power stroke chosen based on statistical data.
Then for the right piston, the pressure and the temperature variation during the expansion process can be written as The values for the expansion polytropic exponent are taken from statistical data and are given in Table 3 .
RESULTS
Using the numerical modeling, we attempted to match the in-cylinder pressure profiles obtained from the experiments using the prototype engine. The information obtained from the experimental operation of the engine 
) ( − includes pressure-volume profiles (P-V diagrams), in-cylinder pressure profiles, the engine speed (or frequency of reciprocation), and the ignition timing.
Matching the experimentally derived and numerically obtained in-cylinder pressure profiles is a complicated task due to the number of unknown variables, namely the absolute value of the heat addition, the combustion duration, and the actual load on the engine. There are an infinite number of combinations of these unknowns that can match the given shape of the in-cylinder pressure profiles. Nevertheless an important piece of information in the combustion process was that the spark timing was known. In these engine experiments, there is no explicit information regarding the combustion duration, so matching the experimental and numerical P-V diagrams is extremely complicated.
In the simulations we chose base values for the reciprocating mass, heat addition, combustion duration and engine load. The results shown here for the most part are for the variation in one of these variables, with all other parameters held constant.
In most cases the simulations assume
• the heat input per stroke to be 25 J, which corresponds to the combustion of 2.7 mg of gasoline per stoke with an apparent efficiency of 25%,
• the reciprocating mass to be 2.5 kg, which is the mass of the piston-alternator assembly in the prototype engine,
• the combustion duration to be 5.85 ms,
• and the engine load to average 130 N across the cycle, although with varying functional forms of the load. Figure 2 shows typical experimental results from the tests on the prototype engine, which we attempted to match with the simulations [12] .
CASE I -Constant Load Simulation -The first case simulated was one in which the applied load of 130N was taken to be constant throughout the stroke (this being the simplest case). The same P-V diagram (peak pressure and integrated area) was obtained for the experiments as for the numerical simulation with a constant load but with long combustion durations ( Figure 3) . From Figure 4 , it can be observed that for the same load and for decreasing values of combustion duration, the peak pressure increases, while not affecting the overall shape of the P-V diagram to any great extent. Also it can be observed that the higher the peak pressure, the higher the engine speed, or frequency of reciprocation (Figure 4) . A further important observation is that the length of the stroke varies in proportion with the engine speed ( Figure 5 ), with higher engine speeds corresponding in longer strokes due to the greater inertial forces developed by the piston assembly.
CASE II -Linearly Varying Load -The second case used in matching the P-V diagram was that of a triangular shaped load, that is a load that increases as the piston assembly moves from one extremity to its center position and then decreases linearly with displacement as the assembly approaches its outermost limit of the stroke. The total integrated area under the load curve was kept equal to the area under the load curve taken in the first case (for an average 130 N load). The idea was to determine the sensitivity of the P-V results to a variation in the application of the load, albeit with the same integrated net load ( Figure 6 ).
It was observed that there was neither considerable variation of the shape of the P-V curve (Figure 7 ) or of the engine speed versus the case with a constant load (Figure 8) . The parameters used in the case of the triangular shaped load had the same values as for the case with constant load (notably the spark timing, the heat input, and the combustion duration). The motion of the piston assembly is then dominated by the balance of inertial and compressive forces.
Both in case one and case two, the data obtained from the experiment was matched for a relatively long combustion duration. An interesting conclusion derives from the analysis of the previous two cases, namely the fact that the P-V diagram was apparently not sensitive to the shape of the load for the two cases considered. In order to prove the supposition that the operation of the linear engine is not sensitive to the shape of the load, a more complex semi-sinusoidal load profile was then investigated.
Case III -More Complex Load Functions -Extending the analysis, the third case of more complex load functions was considered. Figure 9 illustrates the different shapes or profiles of the load that were used in the numerical model. These shapes were chosen to represent the cases of high load near the extremes of the piston stroke, or highest load in the center of the stroke. The case when the load is concentrated towards the end of the stroke corresponds to greater values of the shape factor k (where k varies from 0 to 3.55).
From the data obtained from the simulation (Figure 10 ), it can be observed that the in-cylinder peak pressure varies markedly for the 3 different load profiles chosen. The frequency variation is, however, very small so that it can be concluded that the shape of the load does not influence the engine speed greatly. From Figure 11 , it can be observed that the velocity profile changes fairly significantly with shape of the load. In this case the velocity profile is relatively constant in the middle portion of the stroke, while the peak pressure increases as the shape factor k increases. It was mentioned before that the higher the peak pressure, the higher the frequency of reciprocation of the engine and the longer the stroke. By concentrating the load in the middle of the stroke (corresponding to lower values of the shape factor k), the velocity profile rotates clockwise in the velocity-displacement domain. In this case the peak pressure has a lower value and the frequency and the engine stroke decrease correspondingly.
CONCLUSIONS
A numerical model of a spark-ignited two-stroke cycle linear engine-alternator combination has been developed and validated using experimental data from the operation of a prototype unit. The simulations were used to show the effect of the total heat input, the combustion duration, the reciprocating mass and the load on the operation of this engine-alternator combination. The experimental testing performed previously on the linear engine [12] showed that the linear alternator introduces a load that has a roughly sinusoidal shape throughout the strokehere considered to be of second order (corresponding to k=0 in Figure 9 ). Using this load profile, a sensitivity analysis was performed to determine the influence upon the engine operation of variation in one or more parameters. It was observed that the variation of the heat input influences the peak pressure, the frequency of the engine, and also the stroke length ( Figures 12, 13 and 14) . Variation in the combustion duration also influences the peak pressure, the frequency of the engine, and the displacement in the same manner as for the heat input variation.
By varying the mass of the moving piston assembly, the peak pressure and maximum displacement, vary proportionally. For a greater mass, the peak pressure and the engine stroke both increase. The frequency varies in an inverse proportional relationship with the mass of the shaft.
A further observation from the numerical simulation is that, for very low piston assembly masses, the operation of the linear engine becomes possible only if the heat input is increased significantly, due to the low inertial forces associated with low piston speeds. Table 4 .
FUTURE WORK -Using the results of this numerical simulation, a second prototype linear engine-alternator combination is currently under development. This unit, which will employ compression ignition with a state-ofthe-art direct injection diesel fueling system, is designed to produce around 10 kW of electrical power, and will be integrated into a series hybrid electric vehicle in a demonstration project. 
